Hyper-Rayleigh light scattering measurements at incident wavelengths of 1064 and 1319 nm are reported for several organic nonlinear optical chromophores in solution with approximately 5%-10% uncertainty in the relative first hyperpolarizabilities. The measured chromophores include representatives from C 1 , C s , C 2V , and D 3 molecular point groups and include both neutral and ionic compounds. The measurements were made with 2-5 cm Ϫ1 spectral resolution and include polarization analysis of the incident and scattered light. Polarization ratios were measured with 2%-3% uncertainty for each molecule, and relative magnitudes of the hyperpolarizability components were deduced. Two-photon induced fluorescence from several chromophores was observed to overlap with the scattered second harmonic light spectrum. The use of a scanning monochromator, however, generally allows the separation of these two sources of photons. The measured first hyperpolarizabilities are consistent with previous electric field induced second harmonic generation measurements of the same compounds, provided that the standard reference value for the nonlinear susceptibility of quartz is taken to be d 11 ϭ0.30Ϯ0.02 pm/V at 1064 nm.
I. INTRODUCTION
Until recently, the only method in widespread use for measuring the second order nonlinear optical ͑NLO͒ properties of organic molecules was the electric field induced second harmonic generation ͑EFISHG͒ experiment. Due to the use of a static electric field in this experiment, the compounds investigated by the EFISHG method are restricted to neutral dipolar species. As other authors have indicated, there exist many potentially interesting molecules whose NLO properties cannot be assessed by this experiment because of symmetry constraints or because they exist as ionic species. 1, 2 The quantity measured in the EFISHG experiment is proportional to 3 ͩ ␥ϩ ␤ z 5kT ͪ ,
͑1͒
where the first and second hyperpolarizabilities are given by ␤ and ␥. The molecular dipole moment is and the projection of ␤ in the direction of the dipole moment is given by ␤ z . T is the temperature, with k Boltzmann's constant. This experiment requires an extensive set of physical and optical measurements characterizing the density, refractive index, dielectric constant, and EFISHG amplitudes and coherence lengths on a series of solutions of graded concentration. 4 For accurate work, additional third harmonic or other measurements assessing the magnitude of the second hyperpolarizability are required in order to obtain the first hyperpolarizabilities of the compounds. 5 Temperature dependent EFISHG studies provide an accurate separation of the first and second hyperpolarizabilities, however, such measurements are only feasible in the gas phase. 6 In contrast, the hyper-Rayleigh scattering ͑HRS͒ experiment is dependent only upon ␤ and requires only an efficient detection system to collect the scattered second harmonic light.
In spite of the seemingly simple experimental requirements of the HRS apparatus, the results obtained by the HRS method have occasionally been significantly different than those obtained by the EFISHG experiment ͑when a direct comparison is possible͒. In particular, for compounds such as N,N-dimethylaminonitrostilbene ͑DANS͒, the NLO properties are expected to be essentially one dimensional and the two NLO characterization methods are expected to yield equivalent results. It has become apparent that the anomalous HRS results are due to two-photon induced fluorescence from some of these molecules. [7] [8] [9] The presence of this twophoton induced fluorescence overlaps with the HRS spectrum and has prevented the previous authors from making an accurate assessment of the scattered second harmonic intensity. With the use of a scanning monochromator in the HRS apparatus to isolate the second harmonic signal, we find that consistent results are obtained from the HRS method and the EFISHG experiment for a determination the molecular ␤ of these compounds. Calibration of the absolute ␤ values was accomplished with respect to a HRS measurement of carbon tetrachloride, which has been previously characterized. 10 Except for measurements on molecular liquids, [10] [11] [12] [13] previous HRS measurements have not provided any spectral information, as the spectral selectivity was achieved with interference filters.
The polarization of the incident and scattered light is analyzed in this work. As all components of the hyperpolarizability tensor ␤ can contribute to HRS, detailed polarization studies of the sample are able to provide information on several components of ␤. We provide expressions for the HRS for several molecular point groups assuming elliptically polarized incident light and detection of the second harmonic scattered light at 90°to the input light. These expressions provide a means of assessing the relative magnitudes of the first hyperpolarizability components that are needed for an accurate assessment of ␤ from HRS measurements. We conclude that HRS measurements are capable of the same or better level of accuracy as EFISHG measurements, with the benefit of being able to probe a wider variety of molecules and different hyperpolarizability components.
II. EXPERIMENT
The molecules investigated in this work are listed in Table I . All compounds were obtained from Aldrich Chemical except for DANS, which was purchased from Acros Chemical ͑a division of Fisher Scientific͒ and LDS 722, which was purchased from Exciton, Inc.. The purity of the compounds was typically greater than 95% and they were used as received. All the compounds were prepared as dilute solutions in 1,4 dioxane, which has negligible HRS signal for all polarization geometries. Approximately 5% methanol was added to the solutions of the molecular salts to aid in the dissolution of these compounds. Normal 1 cm spectroscopic fused silica cuvettes were used for measurements and in typical experiments a 1.0 cm 3 volume of liquid was sufficient. The solutions were filtered through a 0.2 m micropore filter to remove dust particles that could be a source of spurious second harmonic signal. When comparing chromophores in different solvents, the second harmonic signal was corrected for the effects of thermal lensing. The maximal HRS signal was limited due to strong thermal lensing from absorption at 1064 or 1319 nm by a C-H vibrational overtone.
A schematic diagram of the experimental apparatus is shown in Fig. 1 . The incident radiation at 1064 or 1319 nm was obtained from an acousto-optically Q-switched Nd:YAG laser ͑Quantronix 116͒ operating in a near Gaussian TEM 00 mode with a measured M 2 Ϸ1.1. The laser produced trains of Ϸ150 ns, 1 mJ pulses at a repetition rate of 3 kHz at 1064 nm and Ϸ400 ns, 0.1 mJ pulses at a repetition rate of 1 kHz at 1319 nm. The input power level and polarization were selected by two Glan-Laser polarizers followed by a Soleil-Babinet compensator. The incident laser beam was focused into the sample cell with a 4X microscope objective lens ͑focal length 32 mm͒ and positioned to pass at a distance of 2 mm from the inside of the cell wall facing the collecting lens. The scattered light was collected at 90°with f /1.8 optics and focused into a spectrometer ͑Jobin-Yvon Ramanor U 1000͒, with polarization selection by a sheet polaroid. The relative spectral response of the complete spectrometer was calibrated with respect to the graybody radiation emitted from a tungsten filament lamp, see Fig. 2 . The entrance slits of the spectrometer were closed to provide a spectral slit width of 2-5 cm
Ϫ1
. The spectrally dispersed light was detected by a cooled photon counting photomulti- Relative response ͑relative detection probability for a photon͒ of the Jobin-Yvon Ramanor U 1000 spectrometer for vertically ͑I V ͒ and horizontally ͑I H ͒ polarized light entering the spectrometer. The relative response also includes losses due to the analyzer, the collecting optics, and the PMT spectral response. The spectrometer was calibrated with respect to the graybody radiation emitted from a tungsten filament lamp.
plier tube ͑Hamamatsu R943͒ which was followed by an amplifier/discriminator. The output pulses corresponding to individual detected photons were counted by a multichannel scaler ͑Nucleus PCA͒. More details of the experimental apparatus have been given in a previous communication.
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III. THEORY
Hyper-Rayleigh or second harmonic light scattering denotes a process in which two photons of frequency incident upon a noncentrosymmetric molecule or ensemble of molecules are absorbed and simultaneously a third photon of frequency 2 is emitted. The nonlinear optical response of an isolated molecule irradiated with light of high intensity is usually written as a Taylor series expansion of the induced dipole moment in terms of the applied electric field E i (),
where the molecular tensors ␣ and ␤ describe the linear and lowest order nonlinear optical properties of the molecules, respectively. Note, that many experimentalists, especially those using the EFISHG technique, use a series expansion of the induced dipole moment without the factors of 1/n! in the definitions of the molecular hyperpolarizabilities. If the incident light is assumed to be travelling in the x direction, the polarization of the incident electric field, E͑͒, can be described by the following equation:
E͑ ͒ϭE 0 ͕cos cos te y ϩsin cos͑tϩ␦ ͒e z ͖, ͑3͒
where and ␦ are arbitrary angles. Circularly polarized light is described by ϭ/4 and ␦ϭ/2 and linearly polarized light by ϭ0 ͑horizontal͒ or ϭ/2 ͑vertical͒. The second harmonic light intensity for a collection of N noninteracting molecules without orientational correlations is given by I cate averaging over all possible molecular orientations. The total intensity is simply the sum of the intensities scattered by the individual molecules because the phase of the scattered light, which depends on the orientation of the molecule, varies randomly from one molecule to the next. The ensemble averaging over the molecular motions indicated by the brackets will involve products of components of the first hyperpolarizability tensor ␤ of the form ͗␤ IJK ␤ LM N ͘. Assuming the scattered HRS signal is collected at 90°along the y direction, the polarization dependence of the second harmonic signal is given by 14 Table I and Eqs. ͑34͒-͑44͒ of Bersohn et al. 14 or Table II and Eqs. ͑11͒-͑13͒ from Cyvin et al. 15 In the general case, assuming that the first hyperpolarizability tensor is real, at most five invariants of the molecular hyperpolarizabilities may be determined, depending upon the molecular symmetry. Consequently, elliptically polarized light is required to obtain full information on these invariants when the detected scattered harmonic light is restricted to be linearly polarized. Subsequent work has shown that other polarization geometries may be required if the first hyperpolarizability tensor has an imaginary component. 16, 17 A Soleil-Babinet compensator is used in our apparatus to create elliptically polarized light from the incident horizontally polarized light. The polarization of the light leaving the compensator can be written as 13, 18 
I EV
E͑ ͒ϭE 0 ͑ ͒ ͭ cos ⌫ 2 e H Ϫi sin ⌫ 2 e V ͮ .
͑5͒
This is equivalent to the polarized light described by Eq. ͑3͒
provided that ␦ϭ/2 and ϭ⌫/2. The standard VV and VH polarization geometries in Eqs. ͑4a͒ and ͑4b͒ correspond to setting the retardation of the compensator to ⌫ϭ2ϭ, and selecting V or H with the appropriate setting of the analyzer. Similarly, the HV and HH scattering geometries are obtained from ⌫ϭ2ϭ0, with ␦ϭ/2 and the V or H setting of the analyzer.
As the HRS scattered light is collected at f /1.8 from the scattering source, the polarization is averaged over the solid angle around the nominal 90°scattering geometry. 13 The polarization ratios were corrected for the effect of a finite collection angle 0 , and the reported polarization ratios are the values that would be obtained for 0 ϭ0. The scattering geometries VH and HV are not equivalent except at 0 ϭ0. At f /1.8, the corrections to I VV 2 /I VH 2 are always less than 1.5%, but corrections to I VV 2 /I VH 2 are as large as 9% when I VV 2 /I VH 2 ϭ5. In our apparatus, the effects of a diverging input beam on the HRS polarization ratios are negligible. With the present optics the focal region of the input beam where the HRS signal is produced has an effective beam divergence Ϸf /30. In addition, the effects of the input beam divergence add in quadrature to both the effective collection angle and extinction ratio giving a Ͻ0.5% correction to the previously calculated detection solid angle correction to the measured HRS polarization ratios. 13 Experimentally, it was more convenient to make measurements in the vertically polarized collection geometry of the scattered light, as the polarization selectivity of the grating in the monochromator provided 5.0ϫ greater intensity for vertically polarized as compared to horizontally polarized light from harmonic scattering at 1064 nm and 16.3ϫ greater intensity at 1319 nm, as shown in Fig. 2 .
The measured HRS intensities are strongly affected by the solution refractive indices, n, as the amount of incident and scattered light passed through the cell will depend strongly upon these values. The transmission coefficient through a cell wall is
͔, with window, n w , and liquid, n L , refractive indices at frequency , and where LϭS ͑sample͒ or R ͑reference͒. Provided the laser focusing lens and the light collection lens are correctly repositioned to account for different focal geometries in different solutions, the relation between the relative HRS signal from the sample and reference is given by
where the factors account for effective scattering source length, collection solid angle, reflection losses, local fields, sample number density, and molecular hyperpolarizability, in that order. The Lorentz local field for sample S at frequency is assumed to be given by L S, ϭ͑n S, 2 ϩ2͒/3. As all the HRS measurements of the chromophores reported in this work ͓except for a solvent dependence study of p-nitroaniline ͑pNA͒, see below͔ were made under nearly the same solvent conditions ͑1,4 dioxane͒, these factors due to the molecular environment are expected to be constant. A standard solution of pNA in 1,4 dioxane served as a secondary external reference standard for the comparison of the harmonic scattering from different NLO chromophores.
The comparison of different chromophores is based on the HRS measurements of the sample solutions in the VV polarization geometry. In this case, the second harmonic intensity of the sample, I VV 2 , is given by
where the absorbance, Aϭ⑀ 2 cl, accounts for the absorption losses at the second harmonic wavelength ͑532 or 660 nm͒. The extinction coefficient is ⑀ 2 , the concentration of the solution is given by c, and the distance from the laser beam to the cell wall is l ͑2 mm͒. As the reference and the sample chromophores were measured under nearly the same solvent conditions, the first hyperpolarizability of the sample, ␤ VV S , can be obtained from the following equation:
where the subscript VV indicates the appropriate average of the molecule-fixed coefficient of the first hyperpolarizability in the VV polarization geometry. The coefficient C VV is a numerical factor obtained from the spatial averaging of ͗␤ ZZZ 2 ͘. In the next section we calculate these factors for some of the molecular point groups of the chromophores investigated in this work, along with the polarization ratios for elliptically polarized light as given by Eqs. ͑4a͒-͑4c͒.
IV. HRS DEPOLARIZATION RATIOS FOR SELECTED POINT GROUPS
The macroscopic averages ͗␤ IJK ␤ LM N ͘ that determine the amount of HRS scattering in Eqs. ͑4a͒-͑4c͒ were calculated by using Eqs. ͑34͒-͑44͒ and Table I of Bersohn et al. 14 The nonzero components of ␤ were taken from standard compilations of NLO susceptibility component tables. 19 The coefficients ␤ VV and C VV are then obtained by setting ϭ/2 in the equations below for I V 2 . Some of these polarization ratios and their coefficients have been determined previously for selected polarization geometries.
1,2 However, as noted above, in order to correct for the finite collection angle of the detection optics, complete expressions for the dipole moment averages of ͗ i 2 ͘ including their polarization dependences are required for a determination of ␤ by the HRS measurement.
A. Molecules of D 3h symmetry
One independent nonzero coefficient, ␤ yyy 
B. Molecules of T d symmetry
One independent nonzero coefficient, ␤ xyz
The equations obtained from Eqs. ͑4a͒-͑4c͒ for molecules of T d symmetry have been given previously. 13 The results are the same as for molecules of D 3h symmetry, with
but with the exception that ␤ VV ϭ␤ xyz and C VV ϭ12/35. ͑10b͒
C. Molecules of D 3 symmetry
Two independent nonzero coefficients, ␤ xxx and ␤ xyz 
D. Molecules of C 2V symmetry
The molecule is taken to be in the zϪy plane with z the two-fold symmetry axis. There are five nonzero independent coefficients, ␤ zzz , ␤ zyy , ␤ zxx , ␤ yyz , and ␤ xxz . We assume Kleinman symmetry, which implies ␤ zyy ϭ␤ yyz and ␤ zxx ϭ␤ xxz . Also, we assume an essentially two-dimensional structure, so that ␤ zxx ϭ␤ xxz ϭ0. In this case Eqs. ͑4a͒-͑4c͒ give Note that when RϭϪ1, Eqs. ͑12a͒-͑12e͒ reduce to the corresponding expressions for D 3h symmetry, Eqs. ͑9a͒-͑9e͒, as expected. 1, 20 Algorithms that include the possibility of Kleinman symmetry breaking for the C 2V point group or groups of lower symmetry are straightforward to program.
Generally, however, the equations are indeterminate as there are usually more nonzero coefficients than can reasonably be determined by HRS measurements.
V. RESULTS AND DISCUSSION
In order to calibrate the results of the HRS experiment, a reference standard is required. Carbon tetrachloride was found to be useful for this purpose as it has a reasonably large signal for a small molecule, has only one nonzero coefficient of the first hyperpolarizability, ␤ xyz , exhibits no significant absorption in the near infrared, and has been fully characterized in a previous communication. 10 This determination of ␤ xyz of CCl 4 was based on an analysis of the intra and intermolecular interactions of the molecular multipole moments and hyperpolarizabilities of CCl 4 . 21, 22 Of the total HRS observed from CCl 4 , approximately 40% of the HRS intensity is due to the intrinsic molecular contribution from ␤ xyz for which we find a value of 19 au at 1064 nm. Preliminary results from a more direct comparison between gas phase EFISHG and HRS, liquid HRS measurements, and theoretical calculations of hyperpolarizabilities of a number of molecular liquids are in good agreement with this value for ␤ xyz of CCl 4 .
Recently, Morrison et al. 23 address some of the difficulties that can occur regarding the use of a pure solvent such as CCl 4 as a HRS reference. These problems however, are not applicable to our experimental setup. The beam waist radius in our apparatus is Ϸ7 m compared to Ϸ82 m in that of Morrison et al. and the confocal beam length is about 260ϫ smaller. Consequently, the effective scattering source volume in our apparatus is Ϸ3000ϫ smaller than that of Morrison et al. and hence we are much less likely to have scattering from any residual dust in the sample. Also, the gated electronics in our photon counting apparatus accept at most one count per laser pulse, which limits the number of counts due to a possible dust scattering event. Finally, as we do a frequency scan of the scattered radiation, any residual background scattering can be subtracted off from the SHG signal.
The values of the measured first hyperpolarizabilities have long been known to be strongly dependent on the effects of the solvent on the chromophore solute. 24 This effect has also been observed in a systematic measurement of pNA in various solvents by the EFISHG experiment. 25 Due to the simplicity of the local field factors in the HRS experiment in comparison with the EFISHG measurement, an assessment of NLO chromophores in various solvents by the HRS technique should give an intrinsically more accurate means of measuring the changes in ␤ due to different solvent conditions. The results of these measurements for the pNA molecule are collected in Table II . The value of ␤ zzz of pNA was determined through use of Eq. ͑6͒ and Eqs. ͑12a͒-͑12e͒. Qualitatively, the same trends observed in the EFISHG experiment are also observed in the results of the HRS experiment. However, when comparing the ␤ values obtained from HRS experiment to those obtained from the EFISHG experiment, we find that the HRS values are 0.631Ϯ0.035ϫ the values obtained from the EFISHG measurement. Note, that the EFISHG determination of ␤ for pNA is also typically Ϸ5% too large due to neglect of the third order contribution ͓recall Eq. ͑1͔͒. As the reference standard used in the EFISHG experiments was a quartz crystal with an assumed SHG coefficient of d 11 ϭ0.5 pm/V, our results from the HRS experiment imply that the quartz reference value should be d 11 ϭ0.30Ϯ0.02 pm/V. This value is in agreement with the conclusions of Roberts, 26 recent measurements by Mito et al. 27 and also with an earlier determination by Levine and Bethea. 28 As has been noted previously, many chromophores of interest for applications in nonlinear or electro-optics also exhibit a large two-photon induced fluorescence effect. 8 In fact, many of the chromophores listed in Table I are also used as laser dyes and/or fluorescent probes. Previous authors have overestimated the values for ␤ obtained from HRS measurements, as the two-photon induced fluorescence typically overlaps with the HRS spectrum to a significant extent. 8, 29 This is illustrated in Fig. 3 for the DANS chromophore for HRS with excitation at a fundamental wavelength of 1064 nm. For comparison, HRS from pNA is also shown in Fig. 3 , from which there is a negligible amount of two-photon induced fluorescence. Evidence that this is a two-photon process in shown in Fig. 4 which illustrates the power dependence of the fluorescence for the case of DANS near the two-photon fluorescence emission maximum at 16500 cm Ϫ1 ͑606 nm͒. The power law coefficient of mϭ2.02 indicates that the fluorescence is excited by a two-photon absorption process. The results from the other chromophores Tables III and IV along with the values for the first hyperpolarizabilities derived from the HRS measurement. Resolving the HRS peak from the two-photon induced fluorescence, as shown in Fig. 3 , requires long or multiple scans over a narrow frequency range near the second harmonic. Doing the HRS experiment at longer excitation wavelengths, does not always alleviate the problem of the two-photon induced fluorescence background. Even with excitation at 1319 nm DANS and other chromophores exhibit a non-negligible light scattering contribution from the two-photon induced fluores- FIG. 5 . The spectrum of the two-photon induced fluorescence from DANS with irradiation at 1064 nm. The spectrum is similar to the single-photoninduced fluorescence spectrum. The measured spectrum is corrected for the spectral response of the spectrometer, see Fig. 2 . The HRS peak at 2 ϭ18797 cm Ϫ1 seen in Fig. 3 is undetectable here because of the low spectral resolution.
TABLE III. Optical and nonlinear optical properties of selected chromophores at ϭ1064 nm. See Table I for a listing of the chromophore acronyms. The absorption maximum and the two-photon induced fluorescence maximum are given by 0 and F , respectively. The integrated two-photon induced fluorescence intensity ͑photon flux͒ and the integrated HRS intensity are indicated by I F and I HRS . The uncertainty in the measured depolarization ratio of I VV 2 / I HV 2 is in the range of 2%-3%. The ratio of hyperpolarizability components R is obtained by inverting the expression for the polarization ratio as a function of R. Figure 6 shows a graph of Eq. ͑12d͒ which expresses this relation in the case of C 2V symmetry. The uncertainty of R depends on the slope of the graph and for values of I VV 2 /I HV 2 Ϸ5 the relative uncertainty of R is approximately Ϯ0.015 ͑see the inset of Fig. 6͒ . Absolute values of the first hyperpolarizability ␤ were obtained by comparison with ␤ xyz of CCl 4 , which has a value of 19 au at ϭ1064 nm ͑Ref. 10͒. Values for the first hyperpolarizabilities ␤ are given in relative units ͑relative to ␤ zzz of pNA͒ and absolute atomic units ͑au͒ ͑see Table II a The polarization data for oNA can be fit assuming C 2V symmetry with Rϭϩ0.14 or ϩ0.60. See Fig. 9 and the related discussion. The polarization data for BTB is fitted assuming C 2V symmetry.
cence. And in the extreme case of Styryl 7 with excitation at 1319 nm, it is not even possible to separate the contribution of the two-photon induced fluorescence from the scattered second harmonic light with our apparatus.
Also indicated in Tables III and IV are the extrapolated zero frequency values of the first hyperpolarizabilities obtained by applying the two-level model to the HRS measurements at 1064 and 1319 nm. The two level model can be described in terms of the transition frequency, eg , ͑the corresponding wavelength 0 is given in Tables III and IV͒ of the highest occupied-lowest unoccupied energy level transition. 4, 30 The frequency response of ␤ can then be modeled as ␤͑Ϫ2,,͒ϭ eg
where ␤ 0 is given by
͑14͒
The difference between excited and ground state electric dipole moments is given by ⌬ and eg is the transition dipole moment between the ground and excited state. We estimate ␤ 0 using the two-level model by substituting the measured values of ␤, , and 0 into Eq. ͑13͒. The values for ␤ 0 of pNA in selected solvents are also tabulated in Table II . The two-level model predicts an approximate second order dependence of ␤ 0 with 0 , from Eq. ͑14͒. This power law prediction has generally been verified in studies of the relationship of ␤ with respect to the conjugation dependencies ͑length͒ of different chromophores. [31] [32] [33] The ␤ 0 value implied from our HRS results, however, indicates that pNA in 1,4 dioxane gives within experimental error the same ␤ 0 value as the vapor phase EFISHG measurement of pNA, whereas the two-level model predicts that ␤ 0 should increase by Ϸ40%. The values for ␤ 0 of pNA in more polar solvents such as acetonitrile ͑CH 3 CN͒ or methanol ͑CH 3 OD͒ are in approximate agreement with the two-level model prediction of an Ϸ70% increase of ␤ 0 with respect to the corresponding value obtained from the vapor phase EFISHG measurement. These HRS results are in agreement with the previous EFISHG measurements. 25 The adequacy of the two-level model for a constant chromophore/solvent system can be assessed by comparing the corresponding ␤ 0 values in Tables III and IV . In general, we find that the two-level model adequately describes the measured increase in ␤ as the incident wavelength decreases from 1319 to 1064 nm for the single ring systems such as pNA, as the agreement in ␤ 0 from Tables III and IV indicates. For the larger two ring or central atom systems however, the value of ␤ 0 obtained from a measurement at 1064 nm typically provides an unreliable prediction of the value of ␤ obtained from a measurement at 1319 nm.
The results of Tables III and IV are generally in reasonable agreement with the EFISHG results on the same molecules. Occasionally, however, there are significant differences. For example, after correcting for the differences in the definition of ␤, quartz reference value ͑d 11 ͒, and accounting for dispersion via the two level model, we obtain nearly the same value for ␤ zzz of DANS by the HRS measurement as do Cheng et al. 5 by the EFISHG experiment. In comparing the same measurements of DR1, however, the results of Cheng et al. are 53% lower than our HRS measurements. For DR1, the HRS measurements at 1319 nm are not expected to be resonantly enhanced, so the two measurement procedures should yield equivalent values for ␤ 0 but they do not. Such discrepancies can lead to large differences in the measured values of ␤ from various groups, as the EFISHG results have occasionally been used to calibrate the results from HRS measurements. [34] [35] [36] [37] Most of the chromophores investigated in this work have at least quasi C 2V symmetry. The nonlinear optical properties of these chromophores have traditionally been assumed to be one-dimensional, primarily because the EFISHG experiment is incapable of assessing the relative magnitude of hyperpolarizability components. In contrast, HRS measurements are Table III . Absolute values of the first hyperpolarizability were obtained by comparison with ␤ xyz of CCl 4 which was assumed to have a value of 18 au at 1319 nm. Values for the first hyperpolarizabilities ␤ are given in units to ␤ zzz of pNA and absolute atomic units ͑au͒, see Table II for conversion factors to other commonly used units. The zero frequency hyperpolarizability, ␤ 0 , is calculated by the two-level model from the measurements at 1319 nm. The polarization data for BTB is fitted assuming C 2V symmetry.
able to give some insight into the magnitude of other components. Figure 6 shows the dependence of the ratio Rϭ␤ zyy /␤ zzz as a function of the measured polarization ratio I VV 2 /I HV 2 for the case of C 2V symmetry. As can be seen in Tables III and IV , for molecules of C 2V symmetry R is usually less than 10%, verifying the hypothesis generally assumed in EFISHG measurements.
Interesting exceptions are the ''lambda'' ͑donor-acceptor-donor͒ chromophores, such as MK, DBCP, BDABA, and BG, for which R is ϷϪ0. 30 . There has been recent interest in these chromophores for applications involving both NLO crystals and poled polymers. [38] [39] [40] The results of the HRS polarization measurements of BG at 1064 and 1319 nm are shown in Fig. 7 . At 1319 nm the results indicate that Kleinman symmetry is valid. However, at 1064 nm, we are unable to fit the polarization data assuming Kleinman symmetry. The HRS polarization data at 1064 nm are fit assuming C 2V symmetry with parameter values ␤ zyy /␤ zzz ϭ␤ yyz /␤ zzz ϭϪ0.300, ␤ zxx /␤ zzz ϭϩ0.330, and ␤ xxz /␤ zzz ϭ0. As the second harmonic falls within the absorption band of BG, the breaking of Kleinman symmetry might be expected, although this does not appear to be universally true, as the HRS measurements of, for example, Styryl 7 and DIA at 1064 do not indicate any significant deviation from Kleinman symmetry. The fits at 1319 and 1064 nm are optimized with a minimal set of hyperpolarizability parameters that satisfy the polarization data. Thus at 1319 nm, the assumption of Kleinman symmetry of a 2D C 2V molecular structure is sufficient to fit the data. For the subsequent fit of the data at 1064 nm, the hyperpolarizability values for ␤ zyy and ␤ yyz are assumed to change relatively little from their values at 1319 nm. Less restrictive assumptions regarding the hyperpolarizability components are also able to satisfy the polarization data. However, when the preceding assumptions are relaxed, the fits do not converge to a unique solution due to the weak functional dependence of the hyperpolarizability components on the polarization ratios.
The crystal violet ͑CV͒ cation has been proposed as a prototypical case of a NLO molecule with octupolar symmetry. 2, 37, 41 In solution, the CV cation is usually assumed to have the shape of a symmetric D 3 propeller, where the three aromatic rings are rotated out of the molecular plane by 30°, although suggestions of a possible rotational isomer with C 2 symmetry have also been proposed. [42] [43] [44] Previous HRS measurements have further assumed that the CV molecule has D 3h symmetry. The analysis from Eqs. ͑9a͒, ͑9e͒, ͑11a͒, and ͑11e͒ indicates that unless Kleinman symmetry is invalid, the polarization results for a molecule of D 3 symmetry will be indistinguishable from those for the D 3h point group. Our HRS polarization measurements at both 1064 ͑as indicated in Fig. 8͒ and 1319 37 At 1319 nm we obtain a value for ␤ yyy of CV that is 1.20ϫ␤ zzz of DR1, while Stadler et al. find a value of 1.35ϫ␤ zzz of DR1 at 1500 nm. We disagree on the absolute value of DR1, however, for reasons discussed previously. The possibility of residual scattering as discussed by Morrison et al. 23 may explain the difference in the results as Stadler et al. use an unfocused beam in their HRS apparatus, which provides a much larger scattering source volume. The results at other wavelengths likely involve differences in accounting for absorption, excess scattering, and/or the method used to infer a ␤ value.
For reasons of symmetry, both the ground and excited state dipole moments are identically zero for octupolar molecules. Thus the two-level model is not applicable to these molecules, as is evident from Eq. ͑14͒. The ␤ 0 values in Tables III and IV for CV are obtained from a three-level model with nearly degenerate excited states. 41 The frequency dependence of ␤ for this model is exactly the same as the two-level model result given by Eq. ͑13͒. At 1064 nm the measured ␤ value of CV is comparable to that of DR1. However, as indicated previously, the resonantly enhanced value of ␤ from the HRS measurement at 1064 nm provides an unreliable prediction of the value of ␤ 0 , as this value of ␤ 0 is more than twice as high as the value for ␤ 0 derived from the HRS measurement at 1319 nm.
A number of theoretical calculations exist for hyperpolarizability components of pNA. [46] [47] [48] [49] Some of these calculations are collected in Table V and compared with our HRS and EFISHG measurements. In general, the calculated polarization ratios, I VV 2 /I HV 2 , are significantly lower than our measured ratios. Moreover, we find that there is considerable dispersion in ␤ zyy for pNA. At 1064 nm we find RϭϪ0.008 Ϯ0.015, while at 1319 nm Rϭϩ0.063Ϯ0.015. The results of the HRS measurements at 1064 nm are shown in Fig. 9 with the corresponding fit to C 2V symmetry using Eqs. ͑12a͒-͑12e͒.
The polarization ratio I VV 2 /I VH 2 of pNA measured at 1064 nm in this work is significantly higher ͑about 9%͒ than previous results. 35, 50 Lower values obtained by previous authors may be partly due to a neglect of the effect of the finite aperture of the collection optics used in the apparatus of their HRS experiments. As an indication of the size of such effects with the apparatus used in this work, the uncorrected measured polarization ratio I VV 2 /I HV 2 is predicted to be about 8% smaller than the uncorrected measured I VV 2 /I HV 2 polarization ratio for pNA, whereas, the corrected polarization ratios must be equal. This was experimentally verified for pNA at both incident wavelengths ͑1064 and 1319 nm͒. As this finite aperture effect is more important for larger HRS polarization ratios, a comparison of HRS measurements with other ''stan- 51 for oNA are given in Table VI . The corresponding HRS polarization measurements are also shown in Fig. 9 . Although oNA does not have C 2V symmetry, the HRS results can be fit quite well by Eqs. ͑12a͒-͑12e͒, where both Rϭϩ0.14 or Rϭϩ0.60 are consistent with I VV 2 /I HV 2 ϭ6.1. For comparison with the calculations of Shuai et al. we have assumed the same molecular coordinate system which indicates that the largest hyperpolarizability component is given by ␤ zzz , as the HRS measurements are incapable of distinguishing between ␤ zzz and ␤ yyy ͑the z-axis is along the donor-substituent axis, with y perpendicular to z and in the plane of the benzene ring͒. With this assumption, the theoretical calculations indicate that Rϭ ϩ0.18, with however, other nonzero coefficients. These other coefficients contribute to a predicted depolarization ratio, I VV 2 /I HV 2 ϭ5.3, which should be compared to the measured value of 6.1Ϯ0.1. For the case of oNA and the other molecules of low symmetry, more generalized polarization geometries may prove useful in determining the relevant hyperpolarizability components. 16, 17 
VI. CONCLUSIONS
In contrast to previous work on HRS measurements from NLO chromophores, we find it essential to incorporate a scanning monochromator to analyze the properties of the scattered light. Quite often molecules of interest for nonlinear optical and electro-optic applications also exhibit twophoton induced fluorescence that can interfere with the analysis of the second harmonic scattered light. Interference filters are usually inadequate for selecting just the second harmonic photons. The existence of the strong two-photon induced fluorescence in many of these chromophores also has implications for potential SHG devices, as prolonged two-photon induced fluorescence usually leads to eventual bleaching of the NLO chromophores. 52, 53 The HRS technique is a useful alternative to the wellestablished EFISHG measurement for the determination of the molecular ␤ of NLO chromophores. The HRS measurement generally provides more information on a number of independent ␤ components and is also applicable to molecular salts and molecules of low symmetry. The EFISHG experiment does have advantages for the measurement of chromophores that absorb far into the red, however. We find that the HRS measurement yields results for ␤ that are generally consistent with the previous EFISHG measurements, provided that the NLO susceptibility of the quartz reference typically used to calibrate these measurements is taken to be d 11 ϭ0.30Ϯ0.02 pm/V. FIG. 9 . The measured polarization ratios I VV 2 /I V 2 obtained from HRS ͑inci-dent radiation at 1064 nm͒ of pNA ͑solid squares͒ and oNA ͑open squares͒ as a function of the retardation angle . The polarization data for pNA can be uniquely fitted with RϭϪ0.008Ϯ0.015. Although oNA does not have C 2V symmetry, the polarization data can be fitted with Eqs. ͑12a-12e͒ equally well with Rϭϩ0.14Ϯ0.02 or Rϭϩ0.60Ϯ0.02. The two curves are indistinguishable and both give I VV 2 /I HV 2 ϭ6.1. For comparison with the HRS measurements, the extrapolated value ͑2-level model͒ of ␤ z is 730 au at 1064 nm.
